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RAMAN FIBER LASER 

CROSS-REFERENCE TO RELATED APPLICATION 

This application claims priority under 35 USC §1 19(e) to U.S. Provisional Patent 
Application Serial No. 60/267,252, filed on February 7, 2001, and entitled "Raman Fiber 
Laser", the entire contents of which are hereby incorporated by reference. 

TECHNICAL FIELD 

The invention relates to Raman fiber lasers, and systems containing Raman fiber 

lasers. 

BACKGROUND 

In general, Raman fiber lasers include a pump source coupled to a fiber, such as an 
optical fiber. Energy emitted from the pump source at a certain wavelength Xp, commonly 
referred to as the pump energy, is coupled into the fiber. As the pump energy interacts with 
the material from which the fiber is made, one or more Raman Stoke transitions can occur 
within the fiber, resulting in the formation of energy within the fiber at wavelengths 
corresponding to the Raman Stoke shifts that occur (e.g., X sU X s2 , X s3 , X s4 , etc.). 

Typically, the fiber is designed so that the energy formed at one or more Raman 
Stoke shifts is substantially confined within the fiber. This can enhance the formation of 
energy within the fiber at one or more higher order Raman Stoke shifts. Often, the fiber is 
also designed so that at least a portion of the energy at wavelengths corresponding to 
predetermined, higher order Raman Stoke shifts (e.g., X sx , where x is equal to or greater than 
one) is allowed to exit the fiber. The energy at the wavelengths l sx can be used, for example, 
to enhance the signal in an optical fiber. 

SUMMARY 

In general, one aspect of the invention features a system including an energy source, 
two fibers, a WDM and a fiber Bragg grating. The first fiber is coupled to the energy source 
so that pump energy from the energy source can be transferred to the first fiber. The WDM 
is capable of transferring the pump energy from the first fiber to the second fiber. The fiber 
Bragg grating is in the second fiber, and is capable of substantially reflecting energy at a 
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predetermined wavelength. The first fiber is devoid of a fiber Bragg grating capable of 
substantially reflecting energy at the predetermined wavelength. 

In general, another aspect of the invention features a system including an energy 
source, a fiber coupled to the energy source so that the pump energy can be transferred from 
the energy source to the fiber, and two fiber Bragg gratings. The fiber having a loop-shaped 
portion, a first non loop-shaped portion, and a second non loop-shaped portion. The first 
fiber Bragg grating is in the first non loop-shaped portion of the fiber, and is capable of 
substantially reflecting the pump energy. The second fiber Bragg grating is in the second 
non loop-shaped portion of the fiber, and is capable of substantially reflecting energy having 
a wavelength comprising a Stoke shifted wavelength. 

In general, a further aspect of the invention features a system including an energy 
source, a fiber coupled to the energy source so that the pump energy from the energy source 
can be transferred to the fiber, and three pairs of fiber Bragg gratings. The gratings within 
each pair are capable of substantially reflecting energy at a same wavelength. That 
wavelength corresponds to Stoke shifted energy of a particular order. In some embodiments, 
for each pair of gratings the order is different. For certain embodiments, for each pair of 
gratings, the order may be the same, but the wavelength may be different (e.g., if there is a 
bandwidth associated with a given order). The pairs of gratings are arranged so that at least 
two of the pairs are in series with respect to each other. 

Features, objects, and advantages of the invention are in the description and drawings, 
and from the claims. 

DESCRIPTION OF DRAWINGS 

Fig. 1 is a schematic view of an embodiment of a Raman fiber laser system; 
Fig. 2 is a schematic view of an embodiment of a Raman fiber laser system; 
Fig. 3 is a schematic view of an embodiment of a Raman fiber laser system; 
Fig. 4 is a schematic view of an embodiment of a Raman fiber laser system; 
Fig. 5 is a schematic view of an embodiment of a Raman fiber laser system; and 
Fig. 6 is a schematic view of an embodiment of a Raman fiber laser system. 
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DETAILED DESCRIPTION 

Fig. 1 is a schematic view of a Raman fiber laser system 100, including an energy 
source 110 coupled to a fiber 120 so that pump energy l p emitted by source 110 enters fiber 
120 after passing through a device 160 (e.g., an optical isolator (circulator)). The pump 
energy propagating in fiber 120 encounters a wavelength division multiplexer (WDM) 130 
that transfers a substantial amount (e.g., up to about 100%) of the pump energy into a loop- 
shaped fiber 140. This pump energy propagates clockwise in the fiber 140 and encounters 
WDM 130, which can transfer pump energy with high (e.g., about 100%) efficiency from 
fiber 140 to fiber 120 in the direction toward Bragg grating 150. Grating 150 has a high (e.g., 
about 100%) reflectivity at Xp, thereby reversing the direction of propagation of the pump 
energy in fiber 120. The reflected pump energy propagates in fiber 120 and encounters 
WDM 130 where a substantial amount (e.g., up to 100%) of the pump energy is transferred 
from fiber 120 to loop-shaped fiber 140. This transferred pump energy propagates in fiber 
140 in a counter clockwise direction. The pump energy that propagates counter clockwise in 
fiber 140 encounters WDM 130 and is transferred to fiber 120 with high (e.g., up to about 
100%) efficiency and propagates toward device 160, which is designed to substantially 
isolate the pump energy from source 110 and/or substantially remove the residual pump 
energy from system 100. 

With this design, the pump energy in fiber 140 propagates in both the clockwise and 
the counter clockwise directions. As the pump energy propagates in fiber 140, it interacts 
with the fiber material and generates the first Raman Stoke shift X sX via stimulated Raman 
scattering process. Energy at wavelength X s{ circulates in fiber 140 both clockwise and 
counter clockwise, and substantially no energy at wavelength A, s i escapes fiber 140 via WDM 
130. 

Energy at wavelength X s \ can act as a source for generation of the second order 

Raman Stoke shift at the wavelength X s2 through the stimulated Raman process. WDM 130 

transfers substantially no energy at X s2 from fiber 140 to fiber 120, allowing energy at X s2 to 

propagate both clockwise and counter clockwise. In some embodiments, Bragg gratings 170 

and/or 180 are designed so that they reflect substantially all (e.g., about 100%) energy 

impinging thereon at ^ s2 . In certain embodiments, gratings 170 and/or 180 are designed so 

that they have lower (e.g., less than about 100%) reflectivities at J^. For example, in 
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embodiments, grating 180 can reflect substantially all (e.g., about 100%) energy impinging 
thereon at A^ 2? and grating 170 can have a lower (e.g., less than about 100%) reflectivity at 
A, s2 . In embodiments, gratings 170 and/or 180 can be substantially (e.g., about 100%) 
transparent for certain wavelengths (e.g., and/or X s i). 
5 In certain embodiments, gratings 170 and/or 1 80 have a narrow bandwidth to define 

the precise position of the wavelength within the allowed bandwidth of the second 
Raman Stoke shift. In some embodiments, at the wavelength 7^ Bragg grating 180 has a 
high reflectivity (e.g., aboutl00%), whereas grating 170 has a lower reflectivity (e.g., less 
than about 100%). Energy at wavelength X s2 > can circulate in fiber 140 by reflecting between 
10 gratings 170 and 180. In some embodiments, WDM 130 is designed so that substantially no 
energy at wavelengths X s i and l sT is transferred from fiber 140 to fiber 120. In these 
|y embodiments, energy at wavelengths X si and \ s2 < can repeatedly propagate in fiber 140 in 

S M both the clockwise and counter clockwise directions, thereby enhancing the intensity energy 

y 

at A-si and within fiber 140. 
H 15 System 100 also includes a WDM 190 between gratings 170 and 180. WDM 190 can 

|U| transfer some (e.g., about 1 00% or less) of the energy of the second order Raman shift 

ft it 

from fiber 140 to fiber 192. In some embodiments, WDM transfers substantially no energy 
at X p or Xsi. In certain embodiments, WDM 190 introduces losses in the bandwidth of the 
second Raman Stoke shift. Losses introduced by WDM 190 can suppress wavelengths that 
Q 20 are not confined with X^-, allowing selective amplification of the energy intensity at X sT . In 
certain embodiments, the position (e.g., the exact position) and/or the bandwidth of the signal 
at Is? are defined by the gratings 170 and 180. In certain embodiments, gratings 170 and/or 
180 can be tunable, thereby allowing the spectral properties of the energy at Xs 2 > to be tunable 
as well Gratings 170 and/or 180 can be narrow bandwidth gratings. In some embodiments, 
25 grating 170 or 1 80 is a narrow bandwith grating and the other grating is a broad bandwidth 
grating. The amount of energy at wavelength X s2 > transferred to the output fiber 192 can be 
controlled by the reflectivity of gratings 170 and 180, and the coupling efficiency of WDM 
190 and can be adjusted as desired. 

In some embodiments, such as, for example, when grating 180 has a high (e.g., about 
30 100%) reflectivity, the energy at X s2 > transferred from fiber 140 to fiber 192 through the 
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WDM 190 is predominantly in a direction shown by the arrow in Fig. 1. In embodiments in 
which grating 180 does not have a high (e.g., about 100%) reflectivity there can be energy 
transfer from fiber 140 to fiber 192 at X s2 > in the opposite direction via WDM 190. In these 
embodiments, energy at X s2 ' is transferred from fiber 120 to fiber 192 via WDM 190 in both 
directions. Fiber 192 optionally includes a fiber Bragg grating 194 designed to substantially 
reflect energy at wavelength \ s2 >, thereby allowing the majority of the energy at X s2 > 
transferred to fiber 192 from fiber 140 to ultimately propagate through fiber 192 in one 
direction. 

Although the system shown in Fig. 1 includes only two fiber Bragg gratings in loop- 
shaped fiber 140, additional fiber Bragg gratings can be included within fiber 140. The 
additional fiber Bragg gratings can be used, for example, to substantially reflect energy 
propagating in fiber 140 at wavelengths corresponding to higher order Stoke transitions (e.g., 
^s3, ^s4 ? ^s5> ^s6, X S 7, etc.). Alternatively or additionally, the additional fiber Bragg gratings 
can be used to substantially reflect energy propagating in fiber 140 at different wavelengths 
within a given Raman Stoke order (e.g., ^ 2 ', X s2 >>, Kr-, hi--, ^s3" ? A*-, W", etc.). 

Such wavelengths within a given Raman Stoke order can result from the existence of 
bandwidth for the Raman Stoke order shifts. Fiber 140 can further include one or more 
WDMs for transferring energy at different wavelengths (e.g., at wavelengths corresponding 
to different order Stoke shifts) to fiber 192 and/or additional fibers. Alternatively, fiber 140 
may contain one or more Bragg gratings having high reflectivity at Raman shift orders rather 
than pairs of gratings. 

Fig. 2 is a schematic view of a Raman fiber laser system 200 which includes energy 
source 110, fiber 120 and grating 150. In certain embodiments, grating 150 has maximum 
reflectivity at the pump wavelength X p . System 200 also includes loop-shaped fibers 140 and 
145, and corresponding WDMs 130 and 135, respectively. Fiber 140 includes gratings 170 
and 180, and coupler 190. Fiber 145 includes gratings 175 and 185, and coupler 195. WDM 
135 allows pump energy to be transferred between fiber 120 and fiber 145 so that pump 
energy can propagate through fiber 145 in both the clockwise and counter clockwise 
directions. 
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In certain embodiments, the path of pump energy propagation is as follows. After 
passing device 160, pump energy ^ p propagates through fiber 120 until it encounters WDM 
130, then at least a portion of the pump energy is transferred to loop-shaped fiber 140 and 
propagates therethrough in the clockwise direction. When the pump energy reaches WDM 
130 it can be transferred to fiber 120 and propagate to toward WDM 135. WDM 135 
transfers at least a portion of the pump energy from fiber 120 to loop-shaped fiber 145, where 
the pump energy propagates in the clockwise direction. The pump energy can be transferred 
from fiber 145 to fiber 120 via WDM 135 and propagate toward the grating 150. Grating 150 
substantially reflects the pump energy, resulting in propagation of the pump energy in the 
opposite direction. This also results in counter clockwise propagation of the pump energy in 
fibers 145 and 135. The residual pump energy that is not converted into Raman shifted 
signals can be terminated (e.g., removed from system 200) via device 160. 

An advantage of system 200 is that energy at different wavelengths (e.g., X s2 - and 
A, s2 "), confined within the bandwidth of the second order Raman shift X s2 , can be produced in 
fibers 140 and 145, respectively, by selecting appropriate gratings (e.g. by selecting gratings 
170 and 180 so that they substantially reflect energy at X& 9 and gratings 175 and 185 so that 
they substantially reflect energy at X s2 »). 

In some embodiments, fiber 192 optionally includes a fiber Bragg grating 196 that 
substantially reflects energy at wavelength A, s2 ". In certain embodiments, the signals at 
wavelengths X s2 - and X s2 >< can be combined in fiber 192 via WDMs 190 and 195 or other 
types of multiplexing. 

An advantage for the system shown in Fig. 2 is that the coupling of energy formed at 
the different wavelengths, A, s2 - and A, s2 -, as well as their exact spectral parameters, can be 
individually manipulated so that the energy formed at the different wavelengths can have 
predetermined intensities, such as for example, substantially the same intensity (e.g., flat 
Raman gain). This can be desirable, for example, when system 200 is used to pump an 
optical fiber that advantageously utilizes a flat Raman optical gain in a relatively broad 
bandwidth. 

Although the system shown in Fig. 2 contains only two loop-shaped fibers coupled to 
fiber 120, the system can include additional loop-shaped fibers coupled to fibers 120 and 
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optionally 192. Each loop-shaped fiber can be designed, for example, to confine energy at a 
particular wavelength ^ 2 oo within the loop-shaped fiber. The wavelengths can be the same or 
different. The energies can correspond to different Raman Stoke shifts and/or different 
wavelength selection within a given Raman Stoke shift (e.g., when the Raman Stoke shift has 
a nonzero bandwidth, such as an appreciable bandwidth). Each loop-shaped fiber can also 
include, for example, a WDM to remove the energy at the particular wavelength from the 
fiber and transfer it to one or more different fibers. The one or more fibers can each include 
one or more fiber Bragg gratings that substantially reflect energy propagating therein. 
Typically, the loops are coupled to fiber 120 between source 1 10 and grating 150. 

Fig. 3 is a schematic view of a Raman fiber laser system 300 that includes energy 
source 110 and a fiber 310 with a loop-shaped portion 315. Pump energy emitted by source 
1 1 0 is coupled to fiber 3 1 0 and propagates in fiber 3 1 0 and then in a loop-shaped fiber 3 1 5 in 
clockwise and counter clockwise directions through a coupler (e.g., a broadband coupler, 
such as a 50% x 50% broadband coupler) 305. WDM 360 as well as Bragg gratings 320 and 
330 are substantially transparent to the pump energy, and device 160 substantially prevents 
pump energy from propagating back to energy source 110. 

Using a splitting ratio of 50% x 50% for coupler 305 results in substantially no 
energy propagating in fiber 315 transferring to fiber 365. Considering that this requirement 
may not be achievable in a broad wavelength region and in some other cases, the portion of 
energy at the pump and/or Raman shifted wavelengths may exit intothe fiber 365 and reach 
the broadband reflector 150. The reflector 150 reverses direction of energy propagation and 
reflects it back to the 315 loop-fiber through the fiber 365 and coupler 305. Finally, all 
energy launched in the fiber 3 1 5 is reflected back in the fiber 310. 

Fiber 310 includes fiber Bragg gratings 320 and 330 designed to substantially reflect 

the direction of propagation of energy propagating in fiber 310 at wavelengths l s y and X s2 

corresponding to the first and second order Raman Stoke shifts, respectively, for the material 

from which fiber 3 15 is formed. This results in energy generation at wavelengths A, s i and X s2 

propagating in the loop-fiber 3 15 in both the clockwise and the counter clockwise directions. 

Grating 320 has a high (e.g., about 100%) reflectivity at ^ si . Grating 330 is designed so that 

only a portion of the energy at X S 2 is reflected therefrom, allowing some of the energy at this 

wavelength to be transferred from fiber 310 via coupler 360. For example, coupler 360 can 
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transfer energy at X s2 to an output optical fiber. In some embodiments, the intensity of an 
output Raman signal can be controlled by the reflectivity of Bragg grating 330 and coupling 
efficiency of WDM 360. The sequence of gratings 320 and 330 can be as shown in Fig. 3 or 
in the reverse order. 

Although one configuration of system 300 is shown in Fig. 3, various alternatives 
and/or additions can be made to this system. For example, additional fiber Bragg gratings 
can be added to fiber 310 to substantially reflect different wavelengths, at least some of 
which can correspond to different order Stoke shifted wavelengths, whereas others can 
correspond to wavelengths inside the bandwidth of the Raman gain of the same order. The 
system shown in Fig. 3 can be cascaded to generate multiple wavelengths (e.g., A* 2 , hr, hi" 
etc.) using the principles described herein. 

Fig. 4 shows a cascaded laser system 301, including an optical circulator 162, a fiber 
3 12, a WDM 362, Bragg gratings 322 and 332, a coupler 307 (e.g., a broadband coupler, 
such as a broadband 50% x 50% coupler), a loop-shaped fiber with Raman active material 
317, a fiber 366 and a terminal broadband reflector 152. In certain embodiments, some or all 
of these elements can be similar to those described above with respect to system 300. In 
some embodiments, the optical circulators can be used as follows. Circulator 160 directs 
pump energy into the first Raman cascade and then it redirects the backward propagated 
energy toward the optical circulator 162. Optical circulator 162 directs pump energy into the 
second Raman cascade and then redirects the backward propagated pump energy into optical 
bass for disposal or it can direct it to the next cascade. The number of cascades can be more 
than two. Each cascade can generate its own wavelength A, s2 , (e.g., the first cascade - X s2 -, the 
second - l s2 ~ etc.). Energy at these wavelengths can be transferred via the respective WDMs 
360, 362 etc. The WDMs can be connected with the common fiber 390 and provide the 
combined set of wavelengths A, s2 -, ^ S 2 - etc. at its terminal end. Intensities of energy at the 
latter wavelengths can be regulated via coupling efficiencies of the output couplers. 

Fig. 5 is a schematic view of a Raman fiber laser system 400 including an energy 

source 1 10 and a fiber 120. Fiber 400 includes pairs of fiber Bragg gratings (410/415, 

420/425, 430/435, 440/445, 450/455) and a Bragg grating 150, which has a high (e.g., about 

100%) reflectivity at the pump wavelength X p . The fiber Bragg gratings within any particular 

pair can substantially reflect energy at the same wavelength. For example, gratings 410 and 
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415 can substantially reflect energy propagating in fiber 120 at the first order Raman Stoke 
shift Certain pairs of gratings (e.g., 430/435) are arranged so that there are no dissimilar 
gratings therebetween. With this arrangement, energy propagating in fiber 120 at the 
wavelength reflected by these gratings is confined to the region in fiber 120 between the 
5 gratings (e.g., 430/435). If desired, a coupler can be included in system 400 so that energy at 
this wavelength can be transferred from fiber 120 (e.g., to an optical fiber for pumping). 

Grating pairs 420/425, 430/435, 440/445, 450/455 (tandem grating pairs) are disposed 
between (nested between) grating pair 410/415 (nesting grating pair). Grating pairs 420/425, 
430/435 etc. are disposed in fiber 120 in tandem and the wavelengths of maximum 
10 reflectivity corresponding to individual grating pairs are, for example, located in the 

bandwidth of the second order Raman stoke shift h 2 and denoted as ^ s2 -, X s2 -, X s2 ~~ 
respectively. In certain embodiments, the reflectivity of gratings 425, 435, 445 and 455 at 
wavelengths \ s2 ', hi", ^>2'" ? hr-' is less than 100%. In these embodiments, energy at these 
Sg wavelengths can pass through these gratings and propagate along fiber 120 toward terminal 

cm 

g| 1 5 grating 150, which is substantially transparent for these wavelengths. The energy output 

*j contains a set of wavelengths X sT , hi", hi"', hi""- The intensities of these Raman signals 

y| can be regulated by a proper selection of Bragg grating parameters as well as parameters of 

ilk? fiber 120 material. 

Although system 400 is shown as having four tandem pairs of gratings (420/425, 

fl 20 430/435, 440/445 and 450/455), embodiments having greater or fewer tandem pairs of 

gratings are contemplated. System 400 can have, for example, one, two, three, five, six, 

seven, eight, nine, 10, or more tandem pairs of gratings. Each pair of tandem gratings can be 

designed to have maximum reflectivity corresponding to an energy level (e.g, X s2 >, hr, hr 1 , 

hi"", hr 1 ", etc.) within the bandwidth of a given Raman stoke shift (e.g. hi). 

25 Moreover, although system 400 is shown as having only one nesting grating pair, 

other embodiments are contemplated. For example, system 400 can include an additional 

nesting grating pair with one of the gratings disposed between device 160 and grating 410, 

and the other grating disposed between gratings 415 and 150. Alternatively or additionally, 

system 400 can have a nesting grating pair with one of the gratings disposed between 

30 gratings 410 and 420, and the other grating disposed between gratings 455 and 415. In 

general, the gratings within a particular nesting grating pair are designed to have maximum 
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|J 1 5 substantially less than 1 00% and can be appropriately set to obtain a predefined intensity 
|5 distribution of output energies at the wavelengths A, s2 " ? hr", X S 2~ "-(e.g., a substantially 



reflectivity corresponding to energy at a particular Raman stoke shift (e.g., X s3 , A, s4 , X s5 , A, s6 , 

^s7 5 A, s8? Xs 9? X s io, etc.). 

An advantage of the arrangement of system 400 is that it can result in reduced 
intensity sharing and cross-talk between energy propagating in fiber 120 at different 
5 wavelengths because the energy at these different wavelengths is confined to different 

regions of fiber 120. This can allow for improved control of the intensity distribution in fiber 
120 as a function of wavelength. In some embodiments, the intensity distribution can be 
substantially the same for predetermined wavelengths, such as certain wavelengths of 
interest. 

10 Fig 6 shows a schematic of system 500. The tandem grating pairs (420/425, 430/435, 

440/445, 450/455) can all have, for example, a high (e.g., about 100%) reflectivity at certain 
wavelengths (e.g., ^ s2 <, X S 2", ^2", hr). Energy transfer at wavelengths X s2 -, X S 2", hr", hr r " is 
conducted via WDM 424, 434, 444, 454, respectively, disposed between corresponding 
gratings and connected with fiber 180. The coupling efficiencies of the WDMs can be 
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flat intensity distribution at these wavelengths). In some embodiments, one of the terminals 
of fiber 180 can optionally have reflector 470 and/or reflectors 472, 474, 476 that would 
facilitate the delivery of output energy to the right side terminal of the fiber 180. In certain 

20 embodiments, system 500 can have two output ports for energy at wavelengths \ s2 -, ^ s2 -, 
^s2"', ^s2"" through the left and right terminals of fiber 180. 

The WDMs in system 500 are not limited to being disposed only between matching 
Bragg gratings 420/425, 430/435, 440/445, 450/455 as shown in Fig. 6. The WDMs can also 
be placed between grating pairs, e.g., in space between 425 and 430 etc., or in any 

25 combinations of the above. 

Although certain embodiments have been described herein, the invention is not 
limited to these embodiments. For example, in some embodiments, multiple pump sources 
can be used. For example, a multiple pump source (e.g., with wavelengths A, pl , X p2 , X p3 etc.) 
can be used to assist in providing a predetermined Raman gain spectrum (e.g., a relatively 
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flat Raman gain spectrum). Moreover, while systems have been described as including 
WDMs, other appropriate couplers may also be used. Other embodiments are in the claims. 
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